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Figure 2. Cellular Phenotype of kor1-2.

(A) and (B) Light microscopy of transverse sections of wild-type (A)
and kor1-2 (B) hypocotyls.

(C) to (E) Transmission electron microscopy of ultrathin sections
from wild-type (C) and kor1-2 ([D] and [E]) roots.

(F) and (G) Light microscopy of wild-type (F) and korl-2 (G) devel-
oping embryos.

Arrows indicate incomplete cell walls, and open triangles denote cell

demonstrated that korl-2 was a recessive mutation in a sin-
gle Mendelian locus. Using cleaved amplified polymorphic
sequences (CAPS) (Konieczny and Ausubel, 1993) and sim-
ple sequence length polymorphism (SSLP) markers (Bell and
Ecker, 1994), we mapped the mutation to chromosome 5
between DFR (16.7 centimorgans [cM]; 94 chromosomes
tested) and LFY3 (17.9 cM; 96 chromosomes tested). Re-
combination was not detected between the mutation and
the ngal29 marker (232 chromosomes tested), suggesting
that the mutation is within 1 cM of ngal29. Consistent with
our genetic mapping data, DNA sequencing showed that
ngal29 was ~60 kb north of the KOR1 gene (http://www.
kazusa.or.jp/arabi). Genetic analysis also suggested that the
mutation was probably tagged by the T-DNA insertion and
that the mutant genome contained a single T-DNA insertion.

The T-DNA tag and flanking sequences were cloned and
compared with wild-type genomic DNA sequences. The T-DNA
insertion deleted a 1-kb DNA fragment between two adja-
cent transcription units, designated ORE (for oxidoreductase)
and CEL (for cellulase), respectively (Figure 3A). The deletion
encompassed part of the ORE 3’-untranslated region (UTR),
the entire CEL promoter, and the 5’-UTR 22 bp upstream
from the putative start codon. RNA gel blot analysis showed
that ORE mRNA levels were unchanged in the mutant (data
not shown). By contrast, neither the CEL transcript (Figure
4A) nor the encoded protein (Figure 4B) was detectable in
korl-2, indicating that the expression of CEL was disrupted
by the T-DNA.

Genetic complementation demonstrated that wild-type
genomic DNA fragments containing either the CEL tran-
scription unit alone or the ORE-CEL transcription units, but
not that of ORE alone, were able to completely rescue the
mutant phenotype. In addition, a CEL cDNA fragment under
the control of the CEL promoter also fully rescued the kor1-2
phenotype. These results indicate that the CEL transcription
unit represents the KOR1 gene and that the phenotype was
caused entirely by a deletion mutation in KOR1.

While this work was in progress, Nicol et al. (1998) pub-
lished their studies on korl-1. Based on the sequences (with
some discrepancies; see Methods) and map positions re-
ported, these two mutations appeared to be allelic. Genetic
complementation demonstrated that they were indeed al-
leles. The korl-1 mutation, also tagged by a T-DNA, was
shown to cause defects in cell elongation: korl-1 seedlings
had shorter hypocotyls when germinated in the dark. Com-
pared with korl-2, korl-1 appears to be a weak allele. This
is consistent with molecular analysis of the two mutants:
whereas the entire promoter was deleted in korl1-2, in korl-1
~200 bp of the sequence upstream from the putative start
codon and the rest of the transcription unit remained intact.

plates. N, nucleus; V, vacuole. Bars in (A) and (B) = 20 pm; bars in
(C)to (E) = 1 um; bars in (F) and (G) = 10 pm.
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Figure 3. Molecular Characterization of the KOR1 Gene.

(A) Schematic map of the genomic structure of the KOR1 gene. The open square indicates the coding sequence, and open triangles denote in-
trons (numbers above refer to the sizes of introns); thick lines indicate untranslated regions, and thin lines denote untranscribed regions. The
dashed line indicates the deleted sequence in the korl-2 genome. Restriction sites (noted in parentheses) were from cloning vectors. The se-
guences reported here have been deposited in the GenBank database under the accession numbers AF074092 and AF074375.

(B) An alignment of the N-terminal regions of subfamily Il endo-1,4-B-D-glucanases. Arrows indicate the transmembrane domain. The con-
served polarized targeting signals are highlighted (LL and YXX®). BnaCEL16, Brassica napus CEL16; TomCEL3, tomato CEL3; AthCEL2 and 3,
Arabidopsis thaliana CEL2 (T22A6.90) and CEL3 (F5114.14), respectively; RICEL1 and 2, rice CEL1 (C28145) and CEL2 (D46633), respectively;
MeCEL1 and 2, Medicago CEL1 (AA661030) and CEL2 (AA660466), respectively. See text for the accession numbers of other sequences.
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Figure 4. Expression Pattern of KOR1 in Wild-Type and korl Plants.

(A) RNA gel blot analysis of the KOR1 transcript. Ten micrograms of
total RNA, prepared from 7-day-old seedlings, was loaded in each
lane. All blots were rehybridized with an actin probe. During the first
3 weeks after germination, KOR1 expression was not detectable by
RNA gel blot analysis, RT-PCR, or protein gel blot analysis (see [B])
in korl-2 seedlings. Residual expression, however, could be de-
tected in 4- to 5-week-old korl-2 seedlings (data not shown), pre-
sumably the result of a cryptic promoter in the T-DNA insertion. The
residual expression in korl-2 corresponded ~3.0 to 3.5% of that in
wild-type plants at the same growth stage (assayed by quantitative
RT-PCR; see Methods). COM-1 and COM-2, korl1-2 plants carrying
the ORE-KORL1 or KOR1 transgenes, respectively; WT, wild type.
(B) Analysis of KOR1 proteins by protein gel blot analysis. Whole-
cell extracts were prepared from 7-day-old seedlings. Approxi-
mately 20 n.g of total proteins was loaded in each lane. The blot was
probed with the anti-KOR1 antibody, followed by reprobing with an
anti-tubulin antibody (Amersham). WS and C24, wild-type plants of
the Wassilewskija and C24 ecotypes, respectively (korl-1 and 1-2
were in WS and C24 background, respectively).

(C) Accumulation of mutant proteins in m6é and m7 seedlings.
Whole-cell extracts were prepared from 3-week-old seedlings. See
(B) for other technical details. WT, wild type.

Consequently, the KOR1 transcript level in korl-1 was >30-
fold that in kor1-2 (in 7-day-old seedlings, assayed by quan-
titative reverse transcription—-polymerase chain reaction [RT-
PCR]; see Methods). Similarly, whereas a substantial amount
of the protein accumulated in korl-1, this protein was not
detected in korl-2 under the same assay conditions (see
Figure 4B). The phenotypic differences of these two alleles
likely result from different expression levels of KOR1 (see
Discussion).

KOR1 Encodes a Putative Membrane-Anchored
Endo-1,4-B-b-Glucanase

The KOR1 cDNA sequence (OR16pep; GenBank accession
numbers U37702 and S71215) and several clones of ex-
pressed sequence tags (ESTs) had been previously deposited
in the databases. The KOR1 open reading frame, interrupted
by five short introns (Figure 3A), encodes a putative poly-
peptide of 621 amino acids with a predicted molecular mass of
69.2 kD and a pl of 9.07. Sequence comparison suggested
that KOR1 is a member of the E-type endo-1,4-B-D-gluca-
nases (EGases; EC 3.2.1.4), also known as cellulases.
EGases have been found in bacteria, fungi, plants, and sev-
eral other lower organisms; they are generally believed to
hydrolyze polysaccharides containing a 1,4-B-D-glucan
backbone (Henrissat et al., 1989; Beguin, 1990). Plant
EGases are presumed to modify cell wall structures during
organ abscission, fruit ripening, and expansive growth
(Brummell et al., 1994; Rose and Bennett, 1999). KOR1 is most
similar to Brassica napus CEL16 (94% identity; accession
number CAB51903), tomato CEL3 (81% identity; Brummell
et al., 1997; accession number AAC49704), and two puta-
tive Arabidopsis proteins, T22A6.90 (77% identity; acces-
sion number AL078637.1) and F5114.14 (56% identity;
accession number AC001229). On the basis of phylogenetic
analysis, plant EGases were classified into three groups
(Brummell et al.,, 1997). Tomato CEL3, KOR1, Brassica
CEL16, T22A6.90, and F5114.14 belong to subfamily Il
Other known members in this subfamily include the proteins
encoded by several EST clones from rice, Medicago, and
soybean. In contrast to those of subfamilies | and I, subfamily
Il EGases do not have a characteristic endoplasmic reticu-
lum import signal sequence but instead contain a trans-
membrane domain (TMD) with a short N-terminal tail facing
the cytoplasm (70 amino acid residues; see Figure 5). The
TMD of KOR1 was identified as a highly hydrophobic region
of 23 residues flanked by two and one positively charged
residues at the N and C termini (Figure 3B), respectively—a
typical structural feature of the type Il transmembrane pro-
teins localized to the plasma membrane (von Heijine, 1992;
Munro, 1998). In its cytosolic tail, KOR1 contains two puta-
tive polarized targeting motifs, LL and YXX®. Both motifs
are located at similar positions in all subfamily Ill EGases
from a variety of species (Figure 3B), implying that they have
functioned similarly throughout evolution. Near the C termi-
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Figure 5. Structures of Wild-Type and Mutant KOR1 Proteins.

A schematic diagram of the structural features of KOR1 (top) and
DNA and amino acid sequences of wild-type and mutant KOR1
(bottom). Mutated residues are shown in boldface. Numbers refer to
the positions of the amino acid residues in the protein. Underlined
sequences indicate restriction enzyme sites introduced when the
mutants were generated. GCCGGC, Nael; GTCGAC, Sall; CSM, cel-
lulase signature motif; PTS, polarized targeting signal; TMD, trans-
membrane domain; WT, wild type.

nus, KOR1 contains two cellulase signature motifs (CSMs;
see Figure 5) that in bacteria and fungi have been shown to
be important for catalytic activity (Beguin, 1990; Henrissat,
1991).

KOR1 mRNA is present in all examined organs/tissues,
with lower levels in flowers and siliques (data not shown). In
contrast to subfamily | and Il EGase genes, the transcription
of KOR1 and F5114.14 (data not shown; see also Nicol et al.,
1998) as well as tomato CEL3 (Brummell et al., 1997) is not
upregulated by ethylene or auxin. These findings suggest
that subfamily 1ll EGases are not only structurally but also
functionally distinct from other types of EGases.

Cell Cycle-Dependent Localization of KOR1-GFP Fusion
Proteins to Forming Cell Plates by Polarized Targeting

To gain additional insight into KOR1 functions, we at-
tempted to determine its subcellular localization. Antibodies
against the N-terminal cytosolic tail were generated and af-
finity purified. In protein gel blot analysis, the antibody de-
tected a major band with an apparent molecular mass of 72
kD in extracts prepared from wild-type but not from korl-2
seedlings (Figure 4B). However, we were unable to repro-
ducibly detect positive signals by immunocytology with this
antibody. We also expressed in korl-2 plants a KOR1 pro-
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moter-controlled fusion gene with the hemagglutinin gene
(HA), KOR1-HA, which was able to completely rescue the
mutant phenotype. Although the fusion protein could be
readily detected by anti-HA antibodies in protein gel blot
analyses, we encountered the same technical difficulty as
for anti-KOR1 antibodies in immunocytology when we used
anti-HA antibodies from various commercial sources (see
Methods for more details).

As an alternative approach, a fusion gene of KOR1 with
the green fluorescent protein (GFP) gene, KOR1-GFP, was
placed under the control of the XVE-inducible expression

Figure 6. Subcellular Localization of the KOR1-GFP Fusion Protein
in Tobacco BY2 Cells.

(A), (C), and (E) Bright-field images of BY2 cells expressing the
KOR1-GFP fusion proteins.

(B), (D), and (F) Confocal images of the same cells.

(A) and (B) A cell in the early stage of cytokinesis.

(C) to (F) Cells in late stages of cytokinesis. Note the disk-like struc-
ture in (F).

All images were taken from the transgenic cells cultured for 16 to 18
hr in the presence of 2 uM estradiol. Bars in (A), (C), and (E) = 25
wm for (A) to (F).



1144 The Plant Cell

Figure 7. Localization of mé- and m7-GFP in Tobacco BY2 Cells.

(A), (C), and (E) Bright-field images of BY2 cells expressing wild-
type or mutant KOR1-GFP fusion proteins.

(B), (D), and (F) Confocal images of the same cells. Other technical
details as in Figure 6.

(A) and (B) KOR1-GFP transgenic cells.

(C) and (D) m7-GFP transgenic cells.

(E) and (F) m6-GFP transgenic cells.

The cell plates are indicated by arrows. Bars in (A), (C), and (E) = 50
wm for (A) to (F).

system (J. Zuo, Q.-W. Niu, and N.-H. Chua, unpublished
data) and stably transformed into tobacco BY2 cells. The
XVE inducible system, in principle, is similar to that of the
previously published GVG system (Aoyama and Chua, 1997)
but uses the regulatory domain of the human estrogen re-
ceptor and the DNA binding domain of the LexA repressor.
The target promoter consists of multiple copies of the LexA
operator fused to a —46 35S minimal promoter. Transcription
of the target gene in the XVE system can be tightly con-
trolled by estradiol (J. Zuo, Q.-W. Niu, and N.-H. Chua, un-

published data). In a control experiment, GFP was uniformly
distributed in cytoplasm and accumulated slightly in the nu-
cleus throughout the cell cycle. In contrast, KOR1-GFP fluo-
rescence assumed a punctate pattern in interphase cells
(Figures 6, 7A, and 7B, and data not shown), presumably in-
dicating localization of the fusion protein to Golgi stacks or
vesicles. This notion was supported by an early observation
that the major fraction of tomato CEL3 comigrated with
Golgi and plasma membrane markers (Brummell et al.,
1997). At the onset of cytokinesis, the fusion protein was
dramatically relocalized to the center of the division plane,
where the cell plate was initiated (Figures 6A and 6B). As cy-
tokinesis progressed, the fluorescence exactly followed the
growth of the cell plate exactly and was eventually visible as
an expanding disc or ring at later stages (Figures 6A to 6F;
see also Figures 7A and 7B).

The above observations suggested that KOR1-GFP local-
ized to forming cell plates during cytokinesis. A critical
question remaining to be addressed, however, was whether
KOR1-GFP was mistargeted in BY2 cells. Like all subfamily
Il EGases, KOR1 contains two putative polarized targeting
motifs within its cytosolic tail. If localization of KOR1-GFP to
the cell plate is regulated by a polarized targeting mecha-
nism rather than mistargeting, then mutations in these
motifs would be expected to cause a depolarized targeting;
otherwise, localization of the fusion proteins would not be
affected by these mutations. To test this idea, we introduced
substitutions into these two motifs (Figure 5), and localiza-
tion of the resulting mutants tagged by GFP was monitored
as before. Substitution for either tyrosine-59 by an alanine
(m6-GFP) or for the LL (residues 48 and 49) by two alanines
(m7-GFP) resulted in the fusion proteins being uniformly dis-
tributed to the plasma membranes with a slightly stronger
GFP signal at the cell plate (cf. Figures 7A to 7B, and 7C to
7F). Two other mutants, however, in which the putative ac-
tive histidine-513 of CSM1 (m1-GFP; the lumen portion) or
tyrosine-2 (m13-GFP; the cytoplasmic tail) was replaced
with an alanine, localized to the cell plate the same as the
wild-type KOR1-GFP (data not shown). Localization of the
m1l- and m13-GFP fusion proteins suggested that the al-
tered localization of m6- and m7-GFP was unlikely to be the
consequence of a generally structural effect. Similar obser-
vations were made using the 35S promoter to control the
transgenes (not tested for m13-GFP; data not shown).
Taken together, the above results indicated that KOR1-GFP
localizes to forming cell plates by a polarized targeting
mechanism that involves both the LL and YXX® motifs.

Polarized Targeting of KOR1 |Is Essential for Cytokinesis
but Not for Cell Elongation

To test the functional significance of the YXX® and LL mo-
tifs, mutant cDNA encoding the two substitutions (m6 and
m7) as well as the wild-type cDNA were placed under the
control of the KOR1 promoter and transformed into korl-



2/+ plants. As mentioned before, KOR1::KOR1 cDNA fully
complemented the mutant phenotype. Transgenic plants
homozygous for kor1-2 and carrying KOR1::m6 or m7 trans-
genes (henceforth referred to as m6 or m7 plants/seedlings)
were initially screened by genetic and phenotypic analyses.
As a restriction enzyme site was introduced into the mutated
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sites for both mutant cDNAs (see Figure 5), identity of m6
and m7 plants was further confirmed by RT-PCR, followed
by the appropriate restriction digests. To eliminate the
effects of over- or underexpression of the transgenes, trans-
genic lines that expressed m6 or m7 in quantities com-
parable with that of wild type were identified by protein gel

Figure 8. Phenotypes of m6 and m7 Mutants.

(A) Four-week-old wild-type (left), m7 (middle), and mé6 (right) seedlings. Seeds were germinated and cultured in the dark for 5 days and then cul-
tured under continuous white light for an additional 3 weeks before being photographed.

(B) and (C) Callus formation in m6 (B) and m7 (C) seedlings. Images were taken from 30-day-old seedlings cultured in 16-hr-light/8-hr-dark cy-
cles. The same observations were also made from seedlings cultured in all tested conditions, including those described in (A).

(D) to (F) Scanning electron microscopy of wild-type (D), kor1-2 (E), and mé (F) cotyledons from 5-day-old seedlings.

Arrows indicate cell wall stubs. Bar in (A) = 10 mm; bar in (B) and (C) = 2 mm; bar in (D) to (F) = 100 pm.
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blot analysis (Figure 4C) and then used for subsequent ex-
periments.

Compared with the small-sized korl-2, the m6 and m7
seedlings were similar in size to the wild type shortly after
germination. In addition, the mé and m7 mutants had fully
elongated hypocotyls, like the wild type, when germinated
in the dark (Figure 8A). These data suggested that muta-
tions in either motif did not have detectable effects on ex-
pansive growth. However, true leaves were highly curled to
form a ball-like structure, and white-colored callus ap-
peared at or around the SAM when true leaves were initi-
ated (Figures 8A to 8C). Growth of calli usually varied from
localized colonies at or around the SAM to complete trans-
formation of all adult organs into callus, similar to the be-
havior in korl-2 seedlings. All m6 and m7 plants rarely
flowered and were sterile. Scanning electron microscopy
of m6 and m7 seedlings revealed an irregular cell division
pattern and cell wall stubs similar to those observed in
kor1-2 (cf. Figures 8D and 8F). Whereas cell expansion in
korl-2 cotyledons was substantially affected, the cell sizes
of m6 and m7 plants were relatively similar to that of wild-
type cells. Interestingly, all mutant cotyledons (m6, m7,
and korl1-2) had more guard cells than did wild-type coty-
ledons, presumably because of altered cell specifications
affected by the mutations. From these data, we concluded
that mutations in the polarized targeting motifs affected cy-
tokinesis but not cell elongation.

DISCUSSION

The KORL1 Activity Is Essential for Cytokinesis in
Vegetative Development

In this report, we have presented several lines of evidence
showing that KOR1 plays a critical role in cytokinesis in ad-
dition to cell elongation (Nicol et al., 1998). First, deletion of
the entire KOR1 promoter causes a nearly null mutation of
the gene, and the phenotype of the resulting mutant should
thus reflect the function of its wild-type allele. At the cellular
level, the mutation leads to the formation of deformed cell
plates, incomplete cell walls, and multinucleated cells, a
characteristic in all other known defective cytokinesis mu-
tants (Heese et al., 1998). In an independent screen, V.
Sundaresan and co-workers (V. Sundaresan, personal com-
munication) identified a similar mutant, sgt2447. Genetic
complementation demonstrated that sgt2447 (in Landsberg
background) was allelic to korl-2. Because these two alleles
showed a very similar phenotype at the seedling stage as
well as at the cellular level, the kor1-2 phenotype should not
be allele- or ecotype-specific. Second, the korl-2 mutation
transforms all adult organs into calli, and this phenotype
cannot be rescued by treatment with any known hormones
(J. Zuo and N.-H. Chua, unpublished data). Thus, the forma-
tion of callus is unlikely to be due to an imbalance of endog-

enous hormones. Lukowitz et al. (1996) proposed that
incomplete separation of dividing cells in knolle mutant cells
caused miscommunication among neighboring cells, which
consequently could disrupt cell specifications in the affected
tissues. Likewise, the transformation of adult organs into
dedifferentiated calli in korl-2 may also be a consequence
of the disruption of cell specifications. Third, based on the
localization patterns of the KOR1-, m6-, and m7-GFP fusion
proteins, KOR1 most probably localizes to forming cell
plates during cytokinesis (see below). Finally, mutations in
the putative polarized targeting motifs not only abolished the
targeting specificity but also functionally impaired cytokine-
sis, whereas cell expansion remained normal. These observa-
tions indicate that defective cytokinesis in the original korl1-2
mutant was not a secondary consequence of deficient cell
elongation but rather a primary effect of the mutation.

In knolle mutant cells, Golgi-derived vesicles are properly
transported to and aligned along the division plane but fail
to fuse (Lauber et al., 1997). Unlike knolle but similar to the
pea cyd mutant (Liu et al., 1995), transport and fusion of
vesicles are unaffected in kor1-2 cells, whereas the cell plate
is randomly positioned and often terminated before reaching
the parental plasma membrane, indicating that KORL1 is in-
volved in cell plate maturation. Expression of cytokinesis
mutations shows a variety of developmental and tissue
specificities. In knolle (Lukowitz et al., 1996) and keule
(Assaad et al., 1996), cytokinesis defects originate from the
first zygotic division, whereas the cyt mutation appears to
express from the heart stage (Nickle and Meinke, 1998).
Compared with these pro-embryo- and embryo-defective
mutants, the onset of the cyd phenotype is as late as the
cotyledon stage (Liu et al., 1995). Interestingly, mutations in
several other loci seem to restrict defective cytokinesis in
certain tissues or cell types, including floral organs (Liu et
al.,, 1997) and male gametophytes (Chen and McCormick,
1996; Spielman et al., 1997; Hulskamp et al., 1997). This di-
versity probably reflects the developmental specificity of a
particular gene or mechanisms operating in different cell
types. The latter rationale can be best illustrated by the fact
that the mechanism used by meiotic and gametophytic cells
in cytokinesis differs from that used by somatic cells (Heese
et al., 1998). The kor1-2 mutation, similar to that of cyd, be-
gins to exert apparent effects when developing embryos
enter the cotyledon stage and subsequently impairs cell di-
visions in all adult organs. Therefore, KOR1 appears to act
mainly, if not specifically, on vegetative development.

KORL1 Is Involved in Cell Plate Maturation

The primary cell wall has been described as a network of
cellulose microfibrils that are cross-linked by hemicellulose,
mainly xyloglucans, and reinforced by embedded pectins
(Carpita et al., 1996; Pennell, 1998; Reiter, 1998). In bacteria
and fungi, EGases have been demonstrated to hydrolyze
1,4-B-linked glucans, mainly cellulose (Beguin, 1990; Henrissat,



1991). Largely because of sequence homology, plant
EGases were proposed to have a similar activity. An impor-
tant structural difference, however, is that plant EGases do
not have a cellulose binding domain (although a recently
identified strawberry faEG3 contains a putative cellulose
binding domain; see Trainotti et al., 1999) and thus are inca-
pable of hydrolyzing crystalline cellulose by in vitro assays.

We propose that KOR1 functions in the assembly of new
cell wall during cell plate maturation. KOR1 may be involved
in relieving the strains of cellulose-xyloglucan microfibrils to
coordinate the assembly of new cell walls. Alternatively, the
enzyme may modify newly deposited glucans to enable their
integration into new cell walls. During cell wall loosening,
degradation of matrix glucans appears to be necessary for
disassembly of the wall and subsequent reassembly of new
walls (Cosgrove, 1997, 1999; Rose and Bennett, 1999). In
response to auxin as well as to several other cues, xyloglu-
can, for example, undergoes substantial degradation (Fry,
1989; Hoson, 1993). Moreover, size distributions of xyloglu-
can appear to change rapidly and reversibly, and these
events likely involve changes in the EGase activity (Hoson,
1993; Cosgrove, 1997, 1999). The EGase activity, in turn, is
stimulated by oligosaccharides derived from xyloglucans
(Farkas and Maclachlan, 1988). These observations suggest
that the formation of new cell walls and the EGase-mediated
xyloglucan turnover are tightly coupled processes. Although
the EGase action may have a different physiological signifi-
cance, the fact that the enzymatic cores are highly conserved
from bacteria to higher plants suggests that the enzymatic
mechanism of membrane-anchored EGases is probably simi-
lar to that used by members of subfamilies | and Il or by lower
organisms. Indeed, replacing the active residues in the CSMs
with alanines affected cytokinesis and/or cell elongation (J.
Zuo and N.-H. Chua, unpublished data), indicating that cleav-
age of 1,4-B-linked glucans is an intrinsic activity of KOR1
and is essential for its function.

A second possibility, as proposed for tomato CEL3
(Brummell et al., 1997), is that KORL1 is involved in cellulose
biosynthesis. This view was inferred from the observation
that a membrane-anchored EGase identified in Agrobacte-
rium tumefaciens was shown to be essential for cellulose
synthesis (Matthysse et al., 1995). The importance of cellu-
lose biosynthesis in cytokinetic plant cells has recently been
shown by a study of the cytokinesis-defective mutant cyt
(Nickle and Meinke, 1998). The cyt mutant cells accumulate
excessive callose, a 1,3-B-linked glucan that transiently ac-
cumulates at the cell plate of wild-type cells (Samuels et al.,
1995). Because accumulation of excess callose was thought
to be an indication of impaired cellulose biosynthesis, the
CYT gene was suggested to play a role in cell wall biosyn-
thesis. Moreover, inhibition of cellulose biosynthesis by the
herbicide dichlobenil partially phenocopies the cellular phe-
notype of cyt (Nickle and Meinke, 1998) and results in ab-
normal cell plates remarkably similar to those observed in
korl-2 cells (Mineyuki and Gunning, 1990; Vaughn et al.,
1996). In general, an inability to form a new cell wall,
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whether because of impaired cellulose synthesis or defec-
tive assembly of the wall, probably reduces the mechanical
strength, which consequently leads to the formation of dis-
torted cell plates in kor1-2 cells.

Polarized Targeting of KOR1 and Its Final Destination

During cytokinesis, a transient polarity may be established
between the parental plasma membrane and the cell plate;
hence, localization of transmembrane proteins to the cell
plate may be directed by a polarized targeting mechanism.
Both the YXX® and LL motifs have been found in the cyto-
solic tails of many plant transmembrane proteins, including
AtPIN1, AtPIN2, and KNOLLE. AtPIN1 (Galweiler et al.,
1998) and AtPIN2 (Muller et al., 1998) belong to a large fam-
ily of carrier proteins and are involved in polar auxin trans-
port. Both proteins localize to the basal end of auxin
transport-competent cells, although it remains unclear
whether the YXX® and LL motifs are indeed involved in the
polarized targeting of these proteins. Interestingly, the LL
motif appears to be involved in the targeting of syntaxins
(reviewed in Tang and Hong, 1999), a class of proteins that
includes KNOLLE. Although it is unknown whether the LL or
the YXX® motifs (or both) are involved in the targeting of
KNOLLE, localization of the protein to the cell plates is prob-
ably mediated by a polarized targeting mechanism.

By using a GFP tag, we were able to show that KORL1 lo-
calizes to forming cell plates in tobacco BY2 cells. Although
these observations could be further confirmed by immuno-
cytology, the fact that mutations in the polarized targeting
motifs abolished the specificity of targeting strongly sug-
gests that the wild-type KOR1 protein most likely localizes
to the cell plate during cytokinesis. Moreover, because the
subfamily Ill EGases are highly conserved, particularly in the
N-terminal region, where the targeting signals are located
(92 or 95% identity between KOR1 and tomato CEL3 or
Brassica CEL16, respectively), it is unlikely that the protein
localizes differently in different types of cells or tissues.
More importantly, mutations that abolished polarized target-
ing of the GFP fusion proteins in BY2 cells indeed affected
cytokinesis rather than cell elongation, providing strong sup-
port for the notion that KOR1 localizes to forming cell plates
in vivo by polarized targeting.

KOR1 contains two typical polarized targeting signals, a
feature shared by many polarized targeted proteins. These
two types of signals function cooperatively in most cases
(Mellman, 1996; Kirchhausen et al., 1997) and can function
independently (Letourneur and Klausner, 1992). IgG Fc re-
ceptor, for example, contains two tyrosine- and one LL-
based motifs at its cytosolic tail. However, neither motif is
absolutely required for basolateral targeting; instead, all
three signals function as determinants for basolateral target-
ing as well as endocytosis (Hunziker and Fumey, 1994,
Matter et al., 1994). KOR1 seems to use a similar mecha-
nism, because both m6- and m7-GFP accumulated at a
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Figure 9. A Model of KOR1 Localization by Polarized Targeting.

(A) Golgi-derived and the cell plate-targeting vesicles (triangles) car-
rying KOR1 (filled circles) localize to the cell plate during cytokinesis.
(B) Concentration gradient of KORL1 in dividing cells. The thickness
of the lines indicates the relative concentration of the protein in dif-
ferent locales.

(C) Depolarized targeting of mé or m7 proteins.

Open circles indicate nonpolarized targeting vesicles, and open
ovals indicate fusing vesicles. Single arrows indicate the direction of
the KOR1 targeting and double arrows the direction of the cell plate
growth. See text for details. CP, cell plate; N, nucleus; PM, plasma
membrane.

greater concentration at the cell plate than at the plasma
membrane. The utilization of multiple signals may increase
the targeting specificity by a cooperative action among the
signals or may ensure that a protein is properly transported
even in the event that one of the signals is impaired. In pea,
BP80, a type | transmembrane protein, contains a YXX®
motif in its cytoplasmic tail. Deletion of the cytoplasmic tail
and the TMD resulted in secretion of the truncated protein
(Paris et al., 1997). A subsequent study, however, revealed
that the TMD alone was sufficient for lytic vacuole targeting
of the protein, and the entire cytoplasmic tail appeared to be
dispensable (Jiang and Rogers, 1998). Whereas the involve-
ment of the TMD, along with the YXX® and LL motifs in po-
larized targeting, has been reported in both yeast and
animal cells (Marks et al., 1997; Munro, 1998), it would be
interesting to determine whether the KOR1 TMD also plays a
role in its targeting.

On the basis of our localization data, the phenotypes of
the three korl alleles, and the phenotypes of the korl sub-
stitution mutants, we propose that KORL1 localizes to the cell
plate by polarized targeting and is involved in cell plate mat-
uration (Figure 9A). After the completion of cytokinesis, the
protein remains in the plasma membrane to modify primary
cell walls in subsequent expansive growth. Once the surface
areas of the plasma membrane have expanded by cell
growth, the KOR1 concentration is gradually reduced. Ac-
cordingly, KOR1 accumulates at the highest level in the cell
plate, followed by the nascent plasma membrane, whereas
fully expanded cells contain the lowest concentrations of the
protein (Figure 9B). Functionally, this concentration gradient is
consistent with the metabolic status of cell walls in that form-
ing new walls at the cell plate requires the most activity,
whereas fully expanded cells require the least. This model pre-
dicts that mutations in the polarized targeting signals will
cause mislocalization of the protein (Figure 9C) and affect cy-
tokinesis but may have negligible effects on cell elongation.
Indeed, all these predictions were experimentally verified in
this study. In m6 and m7 plants, expression of the mutant
transgenes at the normal level fully restored the impaired ex-
pansive growth but not the defective cytokinesis. This indi-
cates that whereas the mislocalized EGase suffices the
requirement for proper cell elongation, a decreased concen-
tration of the protein at the cell plate is incapable of main-
taining normal cytokinesis. Consistent with this notion,
overexpression of mé or m7 was able to completely rescue
defects in cytokinesis as well as cell elongation (data not
shown). Unlike m6 and m7, the kor1-1 mutation caused a re-
duced expression of the wild-type gene and appeared to af-
fect cell elongation but had no detectable effects on
cytokinesis (Nicol et al., 1998). Presumably, a decrease in
the gene expression, as in korl-1, may not be particularly
detrimental for cell divisions, because the cell plate is able
to “concentrate” the wild-type protein during cytokinesis.
Conversely, a decrease in expression to a similar extent may
substantially affect cell elongation because the protein will
be serially diluted in an expanding cell. To verify this ex-



planation, it would be interesting to express m6 or m7 in
korl-1, which should be able to fully complement the korl-1
phenotype.

Activities of the secreted plant EGases have long been as-
sociated with cell wall modifications during organ abscission,
fruit ripening, and expansive growth. Here, we present evi-
dence showing that the membrane-anchored EGase KOR1
plays a crucial role in cytokinesis. We also show that cytoki-
netic plant cells use a polarized targeting mechanism to se-
lectively transport KOR1 to the cell plate. Whereas these
findings provide a fresh view for our current understanding of
cytokinesis and protein targeting in plant cells, our future
challenge is to identify the substrate and products of KOR1
and the receptor or receptors that interact with the EGase.

METHODS

Plant Materials and Genetic Analysis

Unless otherwise indicated, the Arabidopsis thaliana C24 ecotype
was used, and plants were grown at 22°C in 16-hr-light/8-hr-dark
conditions. T-DNA mutagenesis was performed by transforming
roots with Agrobacteria LBA4404 cells carrying the binary vector
PGE9 (C. Dong, G. Xia, and N.-H. Chua, unpublished data). The kor1-2
mutant was identified from a screen of ~2000 lines by visual inspec-
tion. T3 korl1-2/+ plants were crossed with wild-type C24, Columbia,
and Landsberg plants. The F, seeds were sown on kanamycin-selec-
tive or nonselective A medium (1 X Murashige and Skoog [Murashige
and Skoog, 1962] salts and 3% sucrose). On selective medium, 2423
of the germinated seedlings were resistant to kanamycin, whereas
the remaining 797 seedlings appeared to be sensitive (3.04:1.00), in-
dicating a single T-DNA insertion in the mutant genome. When ger-
minated on nonselective medium, 885 of 3489 seedlings showed the
mutant phenotype (2.94:1.00), indicating that the mutation was reces-
sive in a single Mendelian locus. Mutant plants were then transferred
to kanamycin-selective medium 7 to 10 days after germination. All of
the 885 transferred mutant plants were resistant to kanamycin, sug-
gesting that the mutation was tightly linked to the T-DNA.

Light and Electron Microscopy

Light microscopic analysis of Arabidopsis embryos was performed
essentially as described by Mayer et al. (1993). Other methods have
been previously described (Takahashi et al., 1995).

Molecular Cloning of the KOR1 Gene

All molecular manipulations were performed by standard methods
(Sambrook et al., 1989; Altschul et al., 1990). DNA gel blot analysis
with pGE9 as a probe revealed that Hindlll cleavage of korl-2 ge-
nomic DNA yielded two bands of ~4.5 and 6.6 kb. Based on Hindlll
fragmentation of kor1-2 genomic DNA, two partial libraries, H4.5 and
H6.6, were constructed. The libraries were screened with the NPTII
coding sequence and the nos polyadenylation sequence as probes.
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Four identical clones were isolated from the H4.5 library, which con-
tained a 2.7-kb pGE9 sequence flanked by 2.1 kb of the 3’ end of the
ORE gene. The ORE sequence was used as a probe to screen a ge-
nomic library (CD4-8) obtained from the Arabidopsis Biological Re-
sources Center (ABRC). Two identical clones, containing an insert of
~13 kb, were isolated. This genomic DNA fragment contained both
the ORE and KOR1 genes. The KOR1 cDNA was obtained from an
expressed sequence tag (EST) clone, G1C11T7 (accession number
N96075; provided by ABRC), which was identical to OR16pep ex-
cept for lacking the first 8 bp.

Some discrepancies on the KOR1 genomic sequences are appar-
ent between our data and those of Nicol et al. (1998). Most notably,
both the number and position of introns are different (cf. Figure 3A of
this article with Figure 4A of Nicol et al., 1998). Our data showed that
KOR1 contains five introns instead of the four reported by Nicol et al.
(1998). In addition, the positions of other four introns were different,
according to restriction mapping. We have discussed these discrep-
ancies with Nicol et al. (1998), who later published in the database a
corrected KOR1 sequence (accession number AF073875; from the
Columbia strain) identical to our sequence (from the Landsberg strain)
except for a 1-bp mismatch in intron 4. This mismatch is unlikely to re-
flect polymorphism between two ecotypes, because our sequence is
completely identical to the one recently published by the Kazusa
group (accession number AB025613; from the Columbia strain).

RNA Gel Blot Analysis and Reverse Transcription—-Polymerase
Chain Reaction

Total RNA was prepared using the Plant RNA Prep Kit (Qiagen) ac-
cording to the manufacturer’s instructions. RNA gel blot analysis was
performed according to Sambrook et al. (1989). For quantitative re-
verse transcription-polymerase chain reaction (RT-PCR), the first-
strand cDNA was synthesized by using 1 pg of total RNA primed by
oligo-dT. One-tenth of the reaction mixture (treated with RNase A)
was used for PCR amplification with two pairs of primers that an-
chored within the coding sequences of the KOR1 and actin genes,
respectively. The reaction was run for 15 cycles, and the product was
used for DNA gel blot analyses with the KOR1 and actin probes. The
data were collected with a Phosphorimage scanner (Molecular Dy-
namics), and the amount of KORL1 transcript was normalized with
that of actin. Under such assay conditions (or after amplification for
25 cycles in the PCR), the KOR1 transcript was not detectable in 7-
or 14-day-old korl-2 plants. At these stages, the amount of KOR1
transcript in korl-1 was 12.7% of that of wild-type plants (after PCR
amplification for 15 cycles).

Molecular Complementation and Expression of the korl
Substitution Mutant Genes in korl-2 Plants

Wild-type genomic DNA fragments containing the putative ORE (a
Clal-Bglll fragment), KOR1 (an Nsil-Sall fragment; see Figure 3A), or
ORE-KOR1 (a Clal-Sall fragment) transcription units were cloned into
p72-1, a binary vector carrying a hygromycin selection marker. The
KOR1::KOR1-cDNA fusion gene vector pHD2 was made by using the
Pstl site upstream of intron 1 (see Figure 3A). kor1-2/+ plants were
transformed by vacuum infiltration with Agrobacteria ABI cells carry-
ing these constructs (Bechtold et al., 1993) or by coculture with roots
(Koncz et al., 1989). Fifty-two pORE lines were analyzed. All dis-
played a phenotype similar to that of the original mutant, and all
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PORE lines tested (n = 18) had an ORE expression pattern similar to
that of wild type. For pKOR1 (n = 13), pORE-KOR1 (n = 23), and
pHD2 (n = 12) transgenic lines, complementation was confirmed by
genetic analysis. One pKOR1, three pORE-KOR1, and one pHD2
lines were further analyzed by genomic DNA gel blot hybridization to
confirm that they were homozygous for kor1-2.

The point mutations (Figure 5) were introduced into the KOR1
cDNA by PCR based on pHD2. The KOR1-HA fusion genes were
made by inserting one (KOR1-HA1) or four (KOE1-HA4) copies of a
27-bp double-stranded DNA fragment into the Ncol site (blunted) of
the KOR1 cDNA (codon 618). The inserted DNA fragment encoded a
HA tag peptide (9 amino acid residues), and the open reading frames
of the fusion genes were terminated by the stop codon of KOR1. The
mutant or fusion genes were introduced into kor1-2/+ plants by vac-
uum infiltration. Whereas KOR1-HAL1 is fully functional, KOR1-HA4
only partially complements the mutant phenotype. Identical results
were obtained by protein gel blot analyses and immunocytology for
both types of transgenic plants.

Preparation of Anti-KOR1 Antibody and Protein Gel Blot Analysis

A KORL1 cDNA fragment encoding the first 71 amino acid residues
was cloned into the pMAL-C2 vector (Bio-Labs) to generate an MBP-
KOR1 fusion gene. Production and purification of the MBP-KOR1 re-
combinant protein were performed according to the manufacturer’s
instructions. The purified fusion protein was used to immunize rabbits
(Harlow and Lane, 1988). Antisera were affinity-purified by using the pur-
ified glutathione S-transferase (GST)-KOR1 (residues 1 to 71) recom-
binant protein as a ligand. The purified anti-KOR1 antibody, diluted
1:1000 to 1:3000, was used in protein gel blot analyses (Zuo et al., 1995).

Expression of Green Fluorescent Protein Fusion Proteins in
Tobacco BY2 Cells

To construct KOR1-GFP, an Xhol-Ncol (blunted with Klenow) frag-
ment containing a part of the 5’-untranslated region (UTR) and the se-
quence encoding the first 618 amino acids of KOR1 was inserted at
the Xhol-Ncol (blunted) sites of pX—green fluorescent protein (GFP)
(Kost et al., 1998). Substitution mutations were made by replacing
the KOR1 sequence of the fusion gene with mutated sequences. All
fusion genes were cloned into the XVE vector pER10, which carried a
kanamycin-selective marker (J. Zuo, Q.-W. Niu, and N.-H. Chua, un-
published data). In this vector, expression of the target genes is
strictly regulated by estradiol. Transformation of BY-2 cells was per-
formed as described by Gu and Verma (1997). Transgenic cells sub-
cultured for 5 to 7 days were transferred to the inductive medium,
which contained 2 uM 17-B-estradiol, and incubated for 16 to 18 hr.
GFP fluorescence was analyzed by confocal microscopy (Kost et al.,
1998). At least 10 independent lines were tested for each construct.
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